Many persistent viral infections induce dysfunctional T cell responses. Although a negative correlation exists between viral load and T cell responses during chronic infection, it is not known whether high antigen levels are the cause or just the consequence of T cell exhaustion. Furthermore, it is unclear what role antigen presentation by bone-marrow (BM) derived versus infected parenchymal cells has on T cell exhaustion. To address these issues, we examined the influence of antigen presentation by different cell types on CD8 ؉ T cell responses during persistent infection of mice with lymphocytic choriomeningitis virus (LCMV) clone 13. We generated BM chimeric mice, in which non-BM derived cells were MHC class I deficient. Virus-specific CD8 ؉ T cells in lymphoid and nonlymphoid tissues were increased in both number and ability to produce cytokines in these mice soon after infection. However, viral clearance from infected MHC I ؊/؊ parenchyma was significantly impaired, despite increased populations of cytokine producing CTL. The CD8 ؉ T cell response was overwhelmed by sustained antigen persistence, becoming increasingly exhausted within 4 -6 weeks.
M
any chronic infections generate functionally impaired antigen-specific T cell populations. An understanding of the factors responsible for the generation of these T cell populations is important for the development of therapeutic treatments. Functional exhaustion and deletion of CD8 ϩ T cells has been documented during chronic human infections such as HIV (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV) and human T-lymphotropic virus (HTLV) (1) (2) (3) . The exact mechanisms by which infections either resolve in the acute phase or become chronic are largely unknown, although viral load, tissue tropism and the immune response appear intimately involved.
During chronic infection there is an hierarchical loss of T cell function, from mild exhaustion to deletion of the responding cells. Cytotoxic T cells (CTL) lose the ability to produce IL-2, followed by TNF-␣ and finally IFN-␥ as they become more exhausted (4, 5) . Alterations to the immunodominance hierarchy and tissue distribution of virus-specific T cells also occurs. We recently identified a major inhibitory pathway, consisting of the inhibitory receptor programmed death 1 (PD-1), which is important for T cell exhaustion during chronic LCMV infection (6) . Studies have also demonstrated that the maintenance or survival of CTL during a chronic viral infection requires antigen and extensive cell division, in contrast to normal memory cell maintenance, which is antigen independent (7, 8) . Despite these studies, the role of antigen in influencing functional exhaustion has yet to be defined.
Viruses that induce a latent infection (such as HSV), followed by periods of reactivation, induce functional T cell memory. Infections characterized by low levels of viremia (such as CMV), may induce partial functional impairment of virus-specific CTL.
In contrast, high level persisting viremia induces more severe T cell dysfunction (such as HIV, HBV, and HCV in humans; SIV in primates; and LCMV in mice). A correlation between viral load and CTL function has been suggested in human chronic infections such as HIV (9, 10) . However, this remains poorly defined and a recent study suggested that proliferative capacity, rather than function, correlated inversely with viral load (11) . Numerous factors may be influenced by pathogen load, including available levels of different epitopes, levels of inflammatory cytokines and chemokines and tissue accumulation of different immune cells. A number of studies have also shown that CD4-help is important for sustaining CTL responses during persistent infection (5, 12) . Thus, it remains unclear whether antigen levels directly drive T cell exhaustion during chronic infection or whether reduced T cell function results from other mechanisms.
Here, we examined the role of antigen presentation after chronic infection of mice with LCMV CL-13. LCMV infects cells by binding to alpha-dystroglycan (␣-DG) (13) , which is expressed in association with extracellular matrix (ECM) components on stromal and epithelial cells in many tissues, and on dendritic cells (14, 15) . We have recently shown that LCMV CL-13 preferentially infects stromal fibroblastic reticular cells (FRC) in the lymphoid tissues (16) , and presumably also targets nonhematopoietic cells in other tissues. Using BM chimeric mice lacking MHC class I (MHC I Ϫ/Ϫ ) on radio-resistant non-BM cells, we show here that T cell function was directly influenced by antigen presentation. In the absence of nonhematopoietic antigen presentation CD8 ϩ T cell responses in both lymphoid and nonlymphoid tissues were initially larger and more functional, despite a 2-to 4-fold higher viral load. However, enhanced cytokine production by responding CTL was not sufficient for clearance of virus from infected MHC I Ϫ/Ϫ tissues, demonstrating a requirement for antigen-MHC interactions to clear virusinfected cells. Viral loads in blood and tissues were 10-fold higher in the MHC I Ϫ/Ϫ chimeric mice within 4-6 weeks, and resulted in a subsequent decline in T cell numbers and function. These results demonstrate that the amount of direct antigen presentation, from both hematopoietic and nonhematopoietic cells, controls T cell exhaustion during chronic infection.
Results and Discussion

Antigen Presentation by Nonhematopoietic Cells Influences T Cell
Function During Chronic Infection. Many organs, including the spleen, lymph nodes, brain, kidney, lung and liver, gut, and pancreas sustain high levels of infected cells during CL-13 infection (4). The expression of ␣-DG on fibroblasts and epithelial cells in these tissues (14) suggests that these cells may be an important target of CL-13 infection. We have shown that ER-TR7 ϩ FRC are infected by LCMV CL-13 in the spleen and lymph nodes (16) . We also observed LCMV antigen colocalization with ER-TR7 ϩ fibroblast-like cells in the brain, liver and kidney after CL-13 infection (Fig. S1 ). To examine the role of antigen presentation by infected non-BM derived cells on the size and function of the responding virus-specific CD8 ϩ T cell pool we generated BM chimeras by lethally irradiating WT or MHC class I Ϫ/Ϫ mice, and reconstituting them with WT BM (Fig.  1A) . The resulting chimeras either lacked MHC class I on nonhematopoietic cells (WT 3 MHC I Ϫ/Ϫ ) or had normal expression (WT 3 WT). To reconstitute the mature CD8
ϩ T cell population in WT 3 MHC I Ϫ/Ϫ mice, which lack the ability to select a naïve MHC class I-restricted CD8 ϩ T cell pool in the thymus, mice were given 5 ϫ 10 7 splenocytes from normal mice before infection. The chimeras displayed similar populations of MHC class I ϩ CD4 and CD8 T cells before infection (Fig. S2 ). To assess the role of antigen presentation by nonhematopoietic cells during infection, the chimeric mice were infected with LCMV CL-13 and antigen-specific CD8 ϩ T cells examined by MHC class I tetramer staining after 15 days. Mice lacking MHC I on non-BM cells generated increased numbers of gp33-and gp276-specific CD8 ϩ T cells in the spleen after LCMV CL-13 infection, in comparison with mice with class I-sufficient parenchyma ( Fig. 1 B and C) . Responding antigen-specific cells were MHC class I restricted and expressed low levels of CD62L and high levels of inhibitory PD-1 in both groups of mice ( (17, 18) . CTL from MHC I Ϫ/Ϫ mice also expressed lower levels of CD43 (1B11) (Fig. 1B) , although other cell surface markers associated with activation were similar (Fig. S3 ). These data suggested that the responding CTL were ''seeing'' less antigen because of an inability to interact with infected MHC I Ϫ/Ϫ nonhematopoietic cells. Indeed, in agreement with a previous report (19) , we observed reduced responses to acute LCMV Armstrong infection of WT 3 MHC I Ϫ/Ϫ mice, further demonstrating that nonhematopoietic cells represented a significant source of antigen presentation during LCMV infection.
We next examined the function of virus-specific CTL generated in the MHC class I Ϫ/Ϫ BM chimeric mice after CL-13 infection. A higher proportion and number of virus-specific T cells were capable of producing IFN-␥ in the spleen of MHC class I Ϫ/Ϫ chimeric mice compared with control WT chimeric mice ( Fig. 2 A and B) . This was observed in CTL responding to 6 different LCMV epitopes (NP396, GP33, GP276, GP118, NP235, and NP205). Moreover, the cells produced greater amounts of IFN-␥, as demonstrated by the MFI of cytokine staining after peptide stimulation (Fig. 2C) . We also observed significantly increased TNF-␣ production in T cells responding to 5 of the 6 epitopes ( Fig. 2 A and D) . This enhanced functionality indicated that these cells were less exhausted than those generated in mice with MHC I-sufficient parenchyma. However, IL-2 production was unchanged in these mice (data not shown), demonstrating that the cells remained partially dysfunctional (4). As we expected, antigen-specific CD4 ϩ T cell responses in these mice were unchanged (Fig. 2F) , suggesting that the increased CTL responses were not due to altered T cell help.
During LCMV CL-13 infection large numbers of CTL can be found within infected nonlymphoid organs and tissues (4) . We compared antigen-specific responses in the liver and lungs from both groups of chimeric mice 15 days after infection. Increased numbers of D b GP33-and D b GP276-specific cells were found in the liver and lungs of mice lacking MHC I on non-BM cells (Fig.  1C) . As we had observed in the spleen, there were higher numbers of GP33-and GP276-specific cells producing IFN-␥ in these mice (Fig. 2E) . Antigen-specific cells from WT 3 MHC I Ϫ/Ϫ mice produced more IFN-␥, and of these, a greater proportion were capable of producing TNF-␣ upon peptide stimulation (data not shown). Surprisingly, despite enhanced CTL function, viral titers in the blood and tissues were increased 2-to 4-fold in mice lacking MHC I on non-BM cells (Fig. 2G) .
Together, these data demonstrate that antigen presentation by nonhematopoietic cells influenced CTL number and function in both lymphoid and nonlymphoid tissues during chronic LCMV CL-13 infection. Moreover, these data suggest that antigen-MHC interactions directly influenced viral clearance and the development of functional T cell exhaustion after infection.
T Cell Mediated Bystander Affects Are Insufficient to Mediate Viral
Clearance from Cells Lacking MHC I. The above experiments demonstrated that MHC class I Ϫ/Ϫ BM chimeric mice generated increased populations of functional CD8 ϩ T cells soon after LCMV CL-13 infection, yet viral titers were higher in the blood and tissues of these mice. Because these cells showed an enhanced capability of producing cytokines, it remained possible that viral clearance may be improved in these mice over time. Such clearance would have required bystander effects by cytokines produced by CTL in the tissues, in the absence of direct antigen-specific TCR-MHC interactions with infected MHC I Ϫ/Ϫ cells. However, within 4 weeks after infection mice lacking MHC I on non-BM cells demonstrated a 10-to 25-fold increase in viral titers in the blood and tissues compared with WT mice (Fig. 3A) . This was indicative of a reduced ability to clear virus from infected class I negative non-BM cells. Moreover, expression of PD-1 on antigen-specific CD8 ϩ T cells in WT 3 MHC I Ϫ/Ϫ mice, although significantly lower than that in WT 3 WT at day 15, remained high on both GP33-and GP276-specific cells 41 days after infection (Fig. 3B) . This was indicative of the persistence of high levels of antigen, because PD-1 expression correlates with levels of virus in the tissues during chronic LCMV infection (17) . Early control of virus during Cl-13 infection depends on CD8 ϩ T cells (20) , and perforin (21, 22) and IFN-␥ (23). Although it is generally thought that CTL mediate antiviral clearance in vivo by killing of target cells (24) , clearance of viral infections, including LCMV, can involve antiviral cytokines (TNF-␣ and IFN-␥) without cell lysis (25) . However, it has remained unclear whether direct antigenspecific recognition via MHC is required for CTL to mediate clearance in vivo during infection. In regards to this, our data show that viral clearance during chronic infection required direct antigen-specific recognition of infected cells by CTL.
Persistence of Antigen-MHC Complexes Drives Functional Exhaustion in T Cells.
The experiments above demonstrated that antigen-MHC complexes drive T cell exhaustion, yet were required for clearance of virus from the tissues. Because viral titers continued to rise in mice lacking MHC class I (Fig. S4) , and thus presumably increased the burden of infected MHC I ϩ BM-derived cells and MHC I Ϫ non-BM cells, we examined what effect this persistent high dose antigen had on the responding T cells over time. Numbers of tetramer positive T cells and functional IFN-␥ producing antigen-specific CD8 ϩ T cells remained increased in the spleens of MHC I deficient chimeras 6 weeks after infection when compared with WT chimeras (Fig. 4A and Fig. S4 ).
However, numbers of responding cells were similar or slightly lower in the liver and lungs of MHC I Ϫ/Ϫ mice compared with WT mice. We examined this in more detail by comparing numbers of GP33-or GP276-specific tetramer-positive cells or IFN-␥ producing CD8 ϩ T cells in the spleen, liver, and lungs 41 days after infection with the populations detected at day 15. By day 41 postinfection, the populations of responding GP33-and GP276-specific cells in the spleens of WT mice was 5-to 10-fold lower than at day 15 ( Fig. 4B and Fig. S4) . A 2-to 5-fold reduction was observed in the lungs, whereas responses in the liver of WT mice were up to 3-fold higher than those at day 15, similar to that observed previously (4) . Remarkably, responding CD8 ϩ T cell numbers in WT 3 MHC I Ϫ/Ϫ mice were 5-to 30-fold lower in the spleen and up to 20-fold lower in the liver and lungs at day 41 when compared with that at day 15 ( Fig. 4B  and Fig. S4 ). This greater reduction in numbers of antigenspecific cells in MHC I Ϫ/Ϫ chimeras was specific for the CD8 ϩ T cells, because similar numbers of GP61-specific CD4 ϩ T cells were detected in both WT and MHC I Ϫ/Ϫ mice at this time (Fig. S4) . The presence of highly functional CD8 ϩ T cells, represented by the proportion of tetramer-positive cells that produced both IFN-␥ and TNF-␣ after peptide stimulation, was significantly increased 15 days after infection of MHC class I-deficient chimeric mice in comparison with WT mice (Fig. 4C) . In contrast, 6 weeks after infection, a similar proportion of tetramer-positive cells produced both IFN-␥ and TNF-␣ in WT or MHC I Ϫ/Ϫ BM chimeras. Together, these data suggest that sustained high levels of virus in the WT 3 MHC I Ϫ/Ϫ mice resulted in increased functional exhaustion of the responding CD8 ϩ T cells. Although reducing the availability antigen-MHC class I molecules on nonhematopoietic cells initially improved T cell function, an inability to clear virus from infected parenchymal cells resulted in increased systemic viral load, and presumably the number of infected BM-derived cells. This demonstrates that both BM-and non-BM-derived cells can influence functional exhaustion of T cells in an antigen-dependent manner. Thus, the amount of antigen that T cells see in the context of MHC class I influences their functional state, and inversely, their ability to control the infection. The inflammatory mileau may be increased because of sustained high viral titers, and contribute to exhaustion in these mice. Further, the duration of antigen presentation may also influence exhaustion, suggesting that cumulative signals received after infection may contribute to T cell health and function. Finally, the lack of thymic output throughout infection (26, 27) in the MHC I Ϫ/Ϫ BM chimeric mice, may have also contributed to the decreasing responses later after infection in these mice because of a lack of continuous recruitment of naïve cells.
Viral tropism, specifically the number and type of cells infected, will likely have a significant impact on the total antigenic burden seen by responding T cells. LCMV CL-13 has a broader tropism and higher degree of infectivity than LCMV Armstrong (28) , due at least in part to a higher affinity for ␣-DG (15) It is well established that persistent infections both in humans and in animal models induce T cell responses that display progressive dysfunction, which is thought to contribute to the persistence of the pathogen in the host. It has been unclear whether antigen is the cause or simply the consequence of such T cell dysfunction, despite a correlation between pathogen load and T cell numbers or function in a number of infections, such as HIV and LCMV. A recent report suggested that persistent antigen may be the cause of reduced T cell responses during chronic HIV infection, because reduction in pathogen or antigen levels improved T cell responses (31) . By restricting antigen presentation to BM cells in WT 3 MHC I Ϫ/Ϫ mice we demonstrate that antigen-MHC complexes directly influenced T cell function during a chronic viral infection. Use of WT 3 MHC I Ϫ/Ϫ chimeras meant that thymic selection of CD8 ϩ T cells was impaired. We corrected for this by transferring WT splenocytes. This resulted in a smaller CD8 ϩ T cell pool before infection (3.6% versus 7.9% CD8 ϩ T cells in WT 3 WT and WT 3 MHC I Ϫ/Ϫ mice, respectively). Despite starting at a lower frequency, T cells in the WT 3 MHC I Ϫ/Ϫ mice expanded to a higher level than that in WT 3 WT mice (see Figs. 1-3) . This further supports a role for MHC I interactions in influencing exhaustion after infection.
In conclusion, our system allowed direct measurement of the contribution of antigen-MHC complexes to T cell exhaustion during a chronic infection, in the presence of similar inflammatory and helper T cell environments. Functional exhaustion of CD8 T cells was influenced by antigen presentation by both 
